Using a real-time RT-PCR method, we analyzed the expression of e1a2 BCR-ABL mRNA in bone marrow samples from 13 patients with e1a2 BCR-ABL-positive acute lymphoblastic leukemia (ALL) at different time points during chemotherapy and after bone marrow transplantation (BMT). The detection limit of the method, assessed using serial dilutions of ALL/MIK cells, was found to be 1:10 5 , similar to what is observed for the conventional RT-nested PCR method. The e1a2 BCR-ABL values were normalized with respect to those of the housekeeping gene GAPDH. The decrease in the e1a2 BCR-ABL/GAPDH ratio after remission induction chemotherapy reflects well the response to chemotherapy and consequently correlates with the prognosis. Although molecular remission was achieved by chemotherapy alone, some patients relapsed, and the e1a2 BCR-ABL/GAPDH ratios in these cases progressively increased to the levels seen prior to hematological relapse. Long-term hematological complete remission (more than 30 months) could be achieved in cases in which a more than 4.0 log decrease in the e1a2 BCR-ABL/GAPDH ratio was obtained by chemotherapy alone, and BMT was then performed. In conclusion, real-time RT-PCR allows for an evaluation of the kinetics of e1a2 BCR-ABL/GAPDH expression during the various phases of chemotherapy or after BMT and may be effective for the indication and control of disease relapse in Ph-positive ALL patients.
Introduction
The Philadelphia (Ph) chromosome [t(9;22)(q34;q11)], a cytogenetic aberration that results from a reciprocal translocation that joins 3Ј sequences of the tyrosine kinase c-ABL protooncogene on chromosome 9 to 5Ј sequences of the BCR gene on chromosome 22, [1] [2] [3] is found in about 20-30% of adult patients with acute lymphoblastic leukemia (ALL). [4] [5] [6] The majority (approximately 70-75%), of Ph breakpoints in ALL occurs in the first intron of the BCR gene, 7, 8 which is referred to as the minor breakpoint cluster region, and results in the fusion of BCR exon 1 to ABL exon 2. This fusion produces a 7.0 kb BCR-ABL transcript (e1a2 BCR-ABL) that encodes a 190 kDa protein. 1, 9, 10 In approximately 25-30% of adult patients with Ph-positive ALL, 7, 8 the breakpoint occurs in the 5.8 kb major breakpoint cluster region of the BCR gene. This BCR-ABL fusion gene produces an 8.5 kb BCR-ABL transcript (b2a2 or b3a2 BCR-ABL) that encodes a protein of 210kDa. 11, 12 Ph-positive ALL is an aggressive disease with a poor prog- nosis and is consequently resistant to conventional chemotherapy. [4] [5] [6] [7] Although conventional chemotherapy induces hematological complete remissions (CR) in approximately 70% of these patients, the relapse rate is high, [13] [14] [15] [16] and the 5-year leukemia-free survival rate is less than 15%. 17 Thus, Phpositive ALL patients are candidates for more aggressive chemotherapies, including bone marrow transplantation (BMT). However, the relapse rate is high even after BMT, ranging from 40 to 80%. [18] [19] [20] RT-PCR is a technique that allows the detection of a single leukemic cell in a background of up to one million normal cells and is therefore an ideal method for the detection of minimal residual disease (MRD) following various treatment protocols. In particular, it seems to be a very sensitive test for predicting the risk of relapse after BMT and may help in identifying patients who might benefit from therapeutic interventions. In most Ph-positive ALL patients, residual leukemic BCR-ABL-positive cells can be detected in the CR phase after chemotherapy and/or BMT. 18, [21] [22] [23] [24] [25] Recently, a competitive RT-PCR-based method for the quantification of BCR-ABL mRNA was developed and shown to be useful for monitoring the response to treatment, and in facilitating prognoses and early diagnoses of hematological relapse in Ph-positive ALL patients. 26, 27 This method, however, has some disadvantages such as the difficulty of handling, that makes it difficult to be used as a routine clinical test. At the moment, therefore, little is known about the number of BCR-ABL transcripts in Ph-positive ALL patients at the time of diagnosis and about quantitative changes in transcript levels after various therapeutic interventions.
In the present study, we investigated the efficacy of a realtime RT-PCR assay to detect residual e1a2 BCR-ABL transcripts in Ph-positive ALL patients and to define the kinetics of the disease. To our knowledge, this is the first report on the use of a real-time RT-PCR assay for the evaluation and quantification of MRD in e1a2 BCR-ABL-positive ALL patients during various phases of treatment.
Materials and methods

Cell Iines/dilution series
To examine the sensitivity of RT-nested-PCR and real-time RT-PCR assays, the e1a2 BCR-ABL-positive leukemic cell line ALL/MIK 28 and the e1a2 BCR-ABL-negative cell line HL60 29 were used. The HL60 cell line was obtained from the Japanese Collection of Research Bio-Resources (Tokyo, Japan) and cultured in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS) and 1% antibiotic/antimycotic in an atmosphere of 5% CO 2 at 37°C.
Leukemia
Patients
Bone marrow (BM) samples were obtained from 13 patients with e1a2 BCR-ABL-positive ALL diagnosed at the department of Laboratory Medicine, the University of Tokyo Hospital, all of whom had achieved hematological complete remission (CR) following remission-induction chemotherapy. Informed consent was obtained from all patients. All these patients were negative for b2a2 and b3a2 BCR-ABL mRNAs as detected by RT-nested-PCR assay. The e1a2 BCR-ABL mRNA was chosen due to its high specificity for Ph-positive ALL patients. geneic BMT from an HLA-identical sibling. CR was defined as Ͻ5% blasts in the BM. BM instead of peripheral blood samples were chosen because analysis of peripheral blood (PB) samples may cause an underestimation of the levels of MRD. 30 For negative control, BM samples were obtained from 20 Ph-negative ALL patients and PB samples from 50 normal individuals (25 men and 25 women) following informed consent.
RNA extraction
Mononuclear cells (MNCs) from BM samples were isolated by Ficoll-Hypaque (Lymphoprep; Nycomed Pharma, Oslo, Norway) density gradient centrifugation (400 g for 40 min at 20°C) and suspended in phosphate-buffered saline (PBS), and immediately used for RNA isolation.
Total cellular RNA was isolated from MNC samples using Isogen-LS (Nippon Gene, Japan) according to the manufacturer's guidelines, with alternated acid guanidinium thiocyanateiphenol chloroform method. RNA concentration and purity were determined spectrophotometrically at 260 and 280 nm, and RNA samples were stored at −80°C until use.
cDNA preparation
Total RNA (1.5 g) was reverse transcribed into cDNA in a 22.5 l reaction mixture containing 500 ng of random hex- 
Nested PCR
The following two sets of primers were used for e1a2 BCR-ABL RT-nested PCR: (external sense primer) 5Ј-AACAGTCCTTCGACAGCAGC-3Ј; (external antisense primer) 5Ј-GACCCAGCCTTGGCCATTTT-3Ј; (internal sense primer) 5Ј-CACGCCGCAGTGCCATAAG-3Ј;
(internal antisense primer) 5Ј-ACACCATTCCCCATTGTGAT-3Ј, respectively. The first PCR was prepared at a final volume of 50 l and included 2 l of cDNA, 1.25 units of Ex Taq DNA polymerase (TaKaRa, Japan), 1 × PCR buffer (10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgC1 2 ), 2 M dNTP, and 0.2 M of each external primer. Amplifications were performed on a Model 9600 thermal cycler (PE Biosystems, Foster City, CA,USA) under the following conditions: 94°C for 1 min, 65°C for 1 min, and 72°C for 1min for 30 cycles, followed by a final extension step of 72°C for 10 min before cooling to 4°C. Two l of the firstround products were subjected to second-round PCR in a 50 l reaction containing 0.2 M of each internal primer. The second-round PCR was performed under the same conditions as for the first-round PCR. Seven l of the second-round PCR products (349 bp) were electrophoresed on a 3.5% agarose gel, stained with ethidium bromide and visualized by UV light, and photographed. To avoid false negative results, the presence of intact RNA and the efficiency of cDNA synthesis were confirmed for each sample by an internal control PCR using ABL mRNA sequence-specific primers, as follows: (external sense primer): 5Ј-ATGTTGGAGATCTGCCTGAA-3Ј (external antisense primer): 5Ј-GACCCAGCCTTGGCCATTTT-3Ј (internal sense primer): 5Ј-CTGCAAATCCAAGAAGGGGC-3Ј (internal antisense primer): 5Ј-ACACCATTCCCCATTGT GAT-3Ј, respectively. ABL mRNA RT-nested PCR was performed at the same conditions as for e1a2 BCR-ABL protocols, and resulted in the amplification of a 271 bp fragment.
Real-time RT-PCR for e1a2 BCR-ABL mRNA
The primers and TaqMan probe for the e1a2 BCR-ABL realtime PCR, which produces a 106 bp amplicon, were designed with the PRIMER-EXPRESS software program (Perkin Elmer, Foster City, CA, USA). Sequences of the forward and reverse primers were: 5Ј-ATCGTGGGCGTCCGCAAGAC-3Ј (located in exon 1 of the BCR gene) and 5Ј-GCTCAAAGTCA-GATGCTACTG-3Ј (located in exon 2 of the ABL gene ). The TaqMan probe (specific to exon 1 of the BCR gene) was fluorescence labeled at the 5Ј-end with FAM (6-carboxyfluorescein) as the reporter dye, and at the 3Ј-end with TAMRA (6-carboxy-teremethyl-rhodamine) as the quencher (FAM-CGCCCTCGTCATCGTTGGGCCAGATCT-TAMRA). The PCR product was detected as an increase of fluorescence with an ABI PRISM 7700 (PE Biosystems). The PCR reaction was performed using TaqMan Universal PCR Master Mix (PE Biosystems). 7.5 l of cDNA derived from BM mRNA was mixed with 25 l of PCR Master Mix, 15 pM of both primers and 10 pM of the TaqMan probe, and distilled water was then added to a total volume of 50 l. The PCR reaction was performed under the following conditions: 1 cycle at 50°C for 2 Leukemia min and 95°C for 10 min, and 50 cycles at 95°C for 15 s and 61°C for 1 min.
A standard was prepared by subcloning the e1a2 BCR-ABL gene into the vector pCRII (Invitrogen, Carlsbad, CA, USA). The numbers of copies of the plasmid containing fusion transcripts were determined. In addition, to control for the quality of RNA and the efficiency of reverse transcription, and also to avoid false negative results, each sample was evaluated for the presence of intact RNA and for the efficiency of cDNA synthesis by using a GAPDH control, which was provided as the TaqMan GAPDH Control Reagent (PE Biosystems) and used according to the manufacturer's instructions. The instructions as well as the primers included in the kit are under the following, GAPDH plasmid construction. To construct the GAPDH plasmid, a 226-base pair fragment spanning exons 2 and 4 of the GAPDH genomic locus was amplified using the forward primer 5Ј-GAAGGTGAAGGTCGGAGTC-3Ј and reverse primer 5Ј-GAAGATGGTGATGGGATTTC-3Ј. The GAPDH TaqMan probe was labeled at the 5Ј end with 2,7-dimethoxy-4,5-dichloro-6-carboxy-fluorescein (JOE) and at the 3Ј end with TAMRA. JOE-CAAGCTTCCCGTTCTCAGCC-TAMRA. The GAPDH control standard was constructed by the same method as was used for the e1a2 BCR-ABL standard. The results were normalized by calculating the ratio of the numbers of copies of e1a2 BCR-ABL transcript and of GAPDH transcript in each sample. All experiments were performed in duplicate, and the average value of both duplicates was used for quantification.
Results
Standard curve and amplification profiles
The concentration of the GAPDH standard ranged from 10 to 1 × 10 7 copies/well. A standard curve for the control GAPDH gene was constructed with seven standard dilutions and showed a good correlation efficiency between the number of copies of GAPDH and the threshold cycle (Ct) values (r = 0.997) (data not shown).
The concentration of the e1a2 BCR-ABL standard ranged from 10 to 1 × 10 7 copies/well. A specific increase in reporter fluorescence could be detected in samples containing the e1a2 BCR-ABL standard plasmid but not in samples with Phnegative ALL patients and normal individuals. Linearity was observed from 10 to 1 × 10 7 copies/well. The standard curve showed a good correlation between the number of copies of e1a2 BCR-ABL and the Ct values (r = 0.998) (data not shown).
The mean values of the slope of each standard curve, as obtained from three separate experiments, were −3.46 and −3.38 for e1a2 BCR-ABL and GAPDH, respectively.
Reproducibility of real-time RT-PCR assay
The coefficients of variation (CV) obtained for the GAPDH control from low (10 3 copies/well), middle (10 5 copies/well) and high (10 7 copies/well) concentration samples in a test of intra-assay variation were 6.42%, 3.81% and 1.12%, respectively, with 10 replicates each. In a test of inter-assay variation, these values were 10.62%, 4.78% and 1.18%, respectively, with five replicates each. The CV obtained for the e1a2 BCR-ABL control from low (10 2 copies/well), middle (10 4 copies/well) and high (10 6 copies/well) concentration samples in the test of intra-assay variation were 10.51%, 2.17% and Leukemia 4.56%, respectively, with 10 replicates each. In the test of inter-assay variation, these values were 10.62%, 2.48% and 5.06%, respectively, with five replicates each.
Sensitivity of real-time RT-PCR at the cellular level
To examine the sensitivity of real-time RT-PCR, we varied the ratio of ALL/MIK to HL60 cells from 1 to 1:10 5 (total number of cells: 10 7 in each sample) by serial dilution. Total RNA was extracted from each cell mixture, and real-time PCR was performed. Real-time PCR was able to quantify the number of e1a2 BCR-ABL transcripts in cDNA prepared from samples covering this range, from pure ALL/MIK samples to a 10 5 dilution; a linear correlation between Ct and the log of ALL/MIK cell number could be observed over a five log range (Figure 1a) . The sensitivity of real-time PCR was the same as that of conventional RT-nested-PCR (Figure 1b) . Figure 2 shows the e1a2 BCR-ABL/GAPDH ratios of 99 BM specimens from 13 e1a2 BCR-ABL-positive ALL patients at the time of initial diagnosis (n = 11), during hematological complete remission (n = 74), and at relapse (n = 14). At the time of initial diagnosis, this ratio ranged from 0.41 to 2.3 (n = 11, median = 1.44). The mean value at diagnosis was very close to that observed for the ALL/MIK cell line (n = 3, median = 1.3).
The e1a2 BCR-ABL/GAPDH ratios in clinical samples
On the other hand, 74 BM specimens from 13 patients in CR showed markedly low (Ͻ6.6 × 10 −2 ) e1a2 BCR-ABL/GAPDH ratios. In contrast, these values were high at 
Figure 2
The levels of e1a2 BCR-ABL/GAPDH ratios. The results were normalized by dividing the copy number of mBCR-ABL by that for GAPDH in each sample. Differences between mBCR-ABL/GAPDH ratio at different disease phases are significant (P Ͻ 0.001). (᭹), mBCR-ABL mRNA positive by RT-nested-PCR; (᭺), mBCR-ABL mRNA negative by RT-nested-PCR. relapse, ranging from 0.2 to 1.8 (n = 14, median = 0.67). Differences of e1a2 BCR-ABL/GAPDH ratios among the different disease phases were statistically significant (P Ͻ 0.001).
The results obtained by the real-time RT-PCR are similar to those obtained with conventional RT-nested-PCR, and in all cases for which a positive result could be obtained by conventional RT-nested-PCR, the e1a2 BCR-ABL/GAPDH ratio could be clearly quantified by real-time RT-PCR.
In addition, all e1a2 BCR-ABL-negative cases, as assessed by real-time RT-PCR, were also negative when tested by RTnested-PCR, but the internal control GAPDH could be clearly detected by both methods. The GAPDH value for the e1a2 BCR-ABL negative cases ranged between 1.1 × 10 6 and 4.4 × 10 6 copies. The mean GAPDH value for all clinical samples was 3.4 × 10 6 copies, ranging from 1.1 × 10 6 to 5.7 × 10 6 copies. Furthermore, we evaluated PB samples from 50 normal individuals (25 men and 25 women). The mean GAPDH value for these samples was 2.1 × 10 6 copies, ranging from 1.5 × 10 6 copies to 3.2 × 10 6 copies. Consequently, no samples were excluded from the study based on their GAPDH value. Table 2 shows the e1a2 BCR-ABL/GAPDH ratios of BM samples at times after remission-induction chemotherapy, after the first and second consolidation chemotherapies of 11 patients that could be monitored at the molecular level since copies.
The e1a2 BCR-ABL/GAPDH ratios of patients who received chemotherapy alone
Leukemia the time of initial diagnosis. In three patients (Nos 2, 3 and 7), in whom molecular remission was achieved by chemotherapy alone, e1a2 BCR-ABL/GAPDH ratios after the first consolidation chemotherapy were below the limit of detection for the method.
In the other eight patients (Nos 1, 4, 5, 8, 10, 11, 12 and 13), molecular remission could not be achieved by chemotherapy alone. The e1a2 BCR-ABL/GAPDH ratios in these cases ranged from 0.63 to 2.3 (n = 8, mean = 1.44) at the time of initial diagnosis, and after remission-induction chemotherapy a 1.5-2.4 log (mean = 2.1 log) decrease was observed. In five of these patients (Nos 1, 4, 5, 11 and 13), although CR could be maintained after the first consolidation chemotherapy, a progressive increase in the ratio of e1a2 BCR-ABL/GAPDH was observed, and after periods as short as 3.1-4.3 months, early relapse was observed.
In these cases, first and second consolidation chemotherapies led to hematological CR with e1a2 BCR-ABL/GAPDH ratios reaching their lowest points after remission-induction chemotherapy. However, a progressive increase was observed thereafter, resulting in disease relapse. Figure 3a shows the typical kinetics of e1a2 BCR-ABL/GAPDH expression for early relapsed cases.
On the other hand, in three patients (Nos 2, 3 and 7) who achieved molecular remission after the first consolidation chemotherapy, the e1a2 BCR-ABL/GAPDH ratios ranged from 0.41 to 2.3 (n = 3, mean = 1.00 ) at the time of initial diagnosis, showing a 3.5-4.6 log (mean = 4.0 log ) decrease after remission-induction chemotherapy. In two patients (Nos 2 and 3), chemotherapy was continued during CR1, and a long-term CR1 could be maintained. However, at 2 months and 7 months, respectively, prior to relapse 1, the e1a2 BCR-ABL/GAPDH ratios started to increase, and clinical relapse developed. The kinetics of expression of e1a2 BCR-ABL/GAPDH for patient 3 is shown in Figure 3b .
The e1a2 BCR-ABL/GAPDH ratios in patients who received chemotherapy followed by allogeneic BMT
The kinetics of expression of e1a2 BCR-ABL/GAPDH for three of five patients who received allogeneic BMT are shown in Figure 4 . Patient 6 (Figure 4a ) is a typical case of early relapse. The patient developed repeated clinical relapses, and BMT was performed at the time of the third relapse, when the e1a2 BCR-ABL/GAPDH value reached 0.28. CR4 was achieved 30 days following BMT (18.8 months after the initial diagnosis), when a 2.6 log decrease in the e1a2 BCR-ABL/GAPDH ratio compared to that prior to BMT was observed, and this ratio reached values as low as 6.8 × 10 −5 (4.2 log decrease) 22 months after the time of diagnosis. Although a favorable molecular evolution was thought to be obtained, molecular remission was not achieved after BMT, and the patient developed relapse 4.
Patient 8 (Figure 4b ) received BMT prior to diagnosis of molecular remission (2.5 months after the initial diagnosis). The mBCR-ABL/GAPDH ratio immediately prior to BMT was as low as 1.6 × 10 . By 28 days after BMT, the e1a2 BCR-ABL/GAPDH ratio was below the limit of detection, and at this time molecular remission was also confirmed by RTnested-PCR. Patient 12 (Figure 4c ) received BMT prior to diagnosis of molecular remission. At the time BMT was performed, the e1a2 BCR-ABL/GAPDH ratio was as high as 5.6 × 10 −2 , but 64 days after BMT, it was below the limit of detection, and the patient remained in CR. Patient 7 is a case in which molecular remission was achieved after chemotherapy alone, and this patient received BMT immediately afterwards. These patients are currently in CR. On the other hand, one patient (No. 9) received BMT during the third CR (12.2 months after diagnosis) but unfortunately developed acute graft-versus-host disease and died 1.8 months later. e1a2 BCR-ABL/GAPDH ratios for this patient could not be monitored after BMT.
Discussion
In the present study, e1a2 BCR-ABL levels were measured at the time of diagnosis and during the course of treatment using real-time PCR, and the e1a2 BCR-ABL molecular diagnosis was compared with the hematological diagnosis and clinical outcome.
First, to obtain a large dynamic range, we cloned the e1a2 BCR-ABL translocation and used it to establish standard curves for quantitation. To control for inter-sample variation of RNA, we normalized the e1a2 BCR-ABL values to those for the housekeeping gene GAPDH, as reported previously. 31, 32 A linearity in values from 10 to 10 7 copies (6.0 log) was observed for this method, and the CV values obtained in the intra-and inter-assay variations were satisfactory for clinical application.
Next, the efficiency of the method for quantification of e1a2 The decrease in the e1a2 BCR-ABL/GAPDH ratio at the time CR was achieved after remission-induction chemotherapy ranged from 1.5 to 4.6 log, and individual differences in the rate of decrease correlated well with the response to chemotherapy. In four early relapsed cases, the mean log decrease of e1a2 BCR-ABL/GAPDH was 2.4 log, lower than that for the three cases for which long-term hematological CR (more than 10 months) could be achieved (mean = 3.8 log). Compared to the early-relapsed cases, these three patients exhibited a better response to chemotherapy, in addition to their greater decrease in the level of e1a2 BCR-ABL/GAPDH. This suggests that the log decrease rate of e1a2 BCR-ABL/GAPDH levels is a good marker for predicting responses to chemotherapy.
Mitterbauer et al 27 reported a maximum of 2-3 log reduction in the BCR-ABL/ABL after conventional chemotherapy, but in the present study we were able to observe a more than 4 log decrease after remission induction chemotherapy in four patients, two of them after BMT. These latter two cases are still alive and are in CR, but the other two relapsed after long-term remission. Consequently, the rate of reduction in the e1a2 BCR-ABL/GAPDH ratio may be a useful index for the prediction of the period of disease remission in Ph-positive ALL patients.
In early relapsed cases, the e1a2 BCR-ABL/GAPDH ratios did not undergo an additional decrease after reaching a minimal level following remission-induction chemotherapy, and they started to increase in spite of consolidation chemotherapy. Ph-positive ALL patients frequently relapse at an early phase, even when CR achieved by remission-induction chemotherapy is maintained by subsequent consolidation chemotherapy. [4] [5] [6] [7] The kinetics of e1a2 BCR-ABL/GAPDH in such cases probably change, as observed in the present cases. Therefore, monitoring the kinetics of e1a2 BCR-ABL/GAPDH ratios after the first consolidation chemotherapy may be highly effective for the early diagnosis of disease relapse. In addition, relapse occurred in two cases (Nos 2 and 3) for which molecular remission could be achieved, but 2 and 7 months prior to diagnosis of relapse, molecular relapse was indicated by an increase in the e1a2 BCR-ABL/GAPDH ratio. Consequently, relapse could be predicted at an early phase, even in patients in whom molecular remission was achieved, and in addition, the degree of molecular relapse could also be determined from the level of mRNA expression. At the time molecular relapse was diagnosed, these patients were in the course of maintenance chemotherapy according to the conventional protocol. In such cases, if remission-induction chemotherapy is initiated at an early phase of molecular relapse, hematological relapse can probably be prevented. In addition, quantitation of e1a2 BCR-ABL would be useful for the evaluation of new therapeutic strategies such as tyrosine kinase inhibitorbased STI, 33, 34 which is provided for maintenance in CR if BMT is not an option, or after allogeneic BMT in such patients.
Among the patients who received allogeneic BMT after chemotherapy, patient 6 received it after the third relapse, and the e1a2 BCR-ABL/GAPDH ratio after BMT showed a maximal decrease of 4.2 log. The patient seemed to progress favorably at the hematological and molecular levels, but molecular remission could not be achieved after BMT, and hematological relapse developed. This case leads us to speculate that molecular remission is a necessary condition for long-lasting CR in these patients but that is not sufficient to guarantee continuing CR. The kinetics of e1a2 BCR-ABL expression ( Figure  4a ) in this patient was dramatically fast, with a 4 log increase in just 2 months. This observation suggests that, in such patients in whom e1a2 BCR-ABL expression is detected in the BM sample even after BMT, a monthly follow-up is indicated, and additional chemotherapy should be introduced in the case of an increase.
In contrast, patient 7 responded well to chemotherapy, and BMT was performed at the time molecular remission was achieved. At present, the patient is still well and remains in CR after 32 months. In patient 8, molecular remission could not be achieved by chemotherapy alone, but the subsequent BMT resulted in molecular remission which has been maintained for a long period of time (Ͼ48 months). In this patient, the e1a2 BCR-ABL/GAPDH ratio, although not achieving molecular remission levels, reached extremely low levels (1.6 × 10 −4 ) immediately prior to BMT, and this may be the cause of the long-term remission obtained after BMT.
Although the retrospective nature and the small sample size of the present study are limiting factors, an important finding is that quantitation of the e1a2 BCR-ABL may be a good marker for the evaluation of response to chemotherapy after remission induction in Ph-positive ALL patients. Cases with a less than 2 log reduction after chemotherapy had a higher risk of disease relapse. In addition, this methodology would be useful for the follow-up of patients after molecular remission is achieved, and it may be especially useful in evaluating the efficacy of new therapeutic strategies, such as STI treatment given to patients after CR is achieved, or provided to patients for whom a compatible donor is not yet available or to those with clinical complications preventing immediate BMT, or since STI may even maintain long-lasting CR. Even when molecular relapse develops but e1a2 BCR-ABL levels remain low, similar strategies can be introduced for the achievement of a higher quality disease remission (a more than 4 log reduction in the e1a2 BCR-ABL levels). Future large prospective studies involving patients in molecular remission are necessary to establish the prognostic value of e1a2 BCR-ABL mRNA quantification in Ph-positive ALL patients.
